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(57) ABSTRACT 

A look-ahead delta sigma modulator utiliZes pruning tech 
niques to reduce the number of possible output candidate 
vectors used to determine quantization output values. The 
look-ahead delta-sigma modulators can also combine the 
pruning techniques With a reduction in the amount of 
processing by simplifying the computations used to generate 
quantiZer output values. In one embodiment, the pruning 
techniques exploit application of superposition techniques to 
a loop ?lter response of the look-ahead delta sigma modu 
lator. The set of possible pattern response vectors can be 
pruned to form a subset of P candidate pattern response 
vectors. If an element value of a pattern response vector 
proXimally matches a value of the corresponding reference 
element of the natural response vector, a quantiZer uses the 
proXimally matching pattern response vector to determine a 
quantization output value. 
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LOOK-AHEAD DELTA SIGMA MODULATOR 
WITH PRUNING OF OUTPUT CANDIDATE 
VECTORS USING QUANTIZATION ERROR 
MINIMIZATION PRUNING TECHNIQUES 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims the bene?t under 35 U.S.C. 
§ 119(e) of US. Provisional Application No. 60/539,132, 
?led Jan. 26, 2004 and entitled “Signal Processing Systems 
With Look-Ahead Delta-Sigma Modulators” and (ii) US. 
Provisional Application No. 60/588,951, ?led Jul. 19, 2004 
and entitled “Signal Processing Systems With Look-Ahead 
Delta-Sigma Modulators”. Provisional applications and 
(ii) include eXample systems and methods and are incorpo 
rated by reference in their entireties. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates in general to the ?eld 
of signal processing, and more speci?cally to a system and 
method for pruning output candidate vectors of a look-ahead 
delta sigma modulator using quantization error based prun 
ing techniques. In one embodiment, pruning techniques use 
natural and pruned pattern loop ?lter responses to quantiZe 
input signal data. 

[0004] 2. Description of the Related Art 

[0005] A feW signal processing systems implement look 
ahead delta-sigma modulators in an attempt to obtain supe 
rior input/output signal ?delity by minimiZing long term 
error. “Delta-sigma modulators” are also commonly referred 
to using other interchangeable terms such as “sigma-delta 
modulators”, “delta-sigma converters , sigma delta con 
verters”, and “noise shapers”. 

[0006] Conventional research in look-ahead modulators 
primarily involves tWo threads. The ?rst are the Works of 
Hiroshi Kato, “Trellis Noise-Shaping Converters and 1-bit 
Digital Audio,” AES 112th Convention, 2002 May 10-13 
Munich, and Hiroshi Kato, Japanese Patent JP, 2003-124812 
A, and further re?nements described in Harpe, P., Reefman 
D., Janssen E., “Ef?cient Trellis-type Sigma Delta Modula 
tor,” AES 114th Convention, 2003 Mar. 22-25 Amsterdam 
(referred to herein as “Harpe”); James A. S. Angus, “Tree 
Based Look-ahead Sigma Delta Modulators,” AES 114th 
Convention, 2003 Mar. 22-25 Amsterdam; James A. S. 
Angus, “Ef?cient Algorithms for Look-Ahead Sigma-Delta 
Modulators,” AES 155th Convention, 2003 Oct. 10-13 NeW 
York (referred to herein as “Angus”); J anssen E., Reefman 
D., “Advances in Trellis based SDM structures,” AES 115th 
Convention, 2003 Oct. 10-13 NeW York. This research 
targets solving the problems of 1-bit encoding of audio data 
for storage Without using the steep anti-alias ?lters associ 
ated With pulse code modulation “PCM.” The advent of 
super audio compact disc “SACD” audio storage, With its 
moderate oversampling ratios (32 or 64), motivated this 
Work. 

[0007] FIG. 1 depicts a prior art signal processing system 
100 having a look-ahead delta-sigma modulator 102. The 
signal source 102 provides an input signal to pre-processing 
components 104. Preprocessing components 104 include an 
analog-to-digital converter (“ADC”) and oversampling 
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components to generate a k-bit, digital input signal For 
audio applications, X(n) generally represents a signal 
sampled at 44.1 kHZ times an oversampling ratio, such as 
64:1. Look-ahead modulator 106 quantiZes input signal X(n) 
and shapes the quantiZation noise so that most of the 
quantiZation noise is moved out of the signal band of 
interest, e.g. approximately 0-20 kHZ for audio applications. 
Each output signal y(n) (also referred to herein as an “output 
value”) generally has one of tWo values selected from the set 
{+A/2, —A/2} With “A” representing the full sWing of y(n). 
(For convenience, A/2 Will be represented as +1, and —A/2 
Will be represented as —1.). The output signal y(n) can be 
further processed and, for eXample, used to drive an audio 
sound system or can be recorded directly onto a storage 
medium. 

[0008] FIG. 2 depicts a schematic representation of a 
conventional look-ahead delta-sigma modulator 106 With a 
look-ahead depth of M. Table 1 describes an embodiment of 
the symbols used in FIG. 2. 

TABLE 1 

Symbol De?nition 

X(n) The nth discrete input signal. 
X‘ Input signal vector of length M at a 

time t. X1 = [X(n), X(n + 1), . . . , 

y(n) The nth discrete output signal. 
YD; The ith output delayed by one 

candidate vector. 
C; The ith cost value vector = H(D;(Z)). 
M Look-ahead depth. 
N N = rM = The number of output signal 

candidate sets under consideration, 
and r = number of possible values 
for y(n). 

i i is selected from the set {0, 1, 2, . . . 

N - 1}. 

C(2); The ith cost value power. 
C(2)min The minimum cost value poWer at 

time t. 

[0009] The look-ahead depth M refers to the dimension of 
each delayed output candidate vector YDi used to determine 
output signal y(n). For time t, a negative delayed output 
candidate vector —YDi, i|:|{0,1,2, . . . , N-1}, and the input 
vector Xt are inputs to noise shaping ?lter 202(i). For a 
look-ahead depth of M and y(n)e{—1, +1}, and Without 
pruning output candidates, each of the N delayed output 
candidate vectors contains a unique set of elements. Each 
noise-shaping ?lter 202(i) of look-ahead delta-sigma modu 
lator 106 uses a common set of ?lter state variables for time 
t during the calculations of respective cost value vectors Ci. 
Filter 202 maintains the actual ?lter state variables used 
during the calculation of each y(n). The state variables are 
updated With the selected y(n) output value. Loop ?lter 202 
processes Xi and —Yi to produce an error value, Which in this 
embodiment is referred to as cost value vector Ci. Cost value 
vector Ci, and, thus, each element of cost value vector Ci is 
a frequency Weighted error value. In some embodiments of 
look-ahead delta-sigma modulator 106, input signal vector 
X‘ and delayed output candidate vectors YDi are also used as 
direct inputs to ?lter 202(i). 

[0010] QuantiZer error and output generator 203 includes 
tWo modules to determine y(n). The cost function minimum 
search module 204 computes the cost value poWer, Cf), of 
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each cost value vector Ci in accordance With Equation 1, and 
determines the minimum cost value power at time t. 

1:M Equation 1 

[0011] “ct” represents a cost value for time t, t=1 through 
M, in the cost vector Ci. Thus, the cost function minimum 
search module 204 of quantiZer 203 attempts to minimiZe 
the energy out of loop ?lter 202. Minimizing the energy out 
of loop ?lter 202 effectively drives the input Ci to a small 
value, Which effectively results in a relatively high loop gain 
for look-ahead delta-sigma modulator 106 and, thus, modi 
?es the noise shaping transfer function in an undesirable 
Way. 

[0012] The y(n) selector module 206 selects y(n) as the 
leading bit of Yi Where Cizrnin represents the minimum cost 
value poWer. 

[0013] For example, if M=2 and ye{—1,+1}, then N=4, 
i|:|{0,1,2,3}, and Table 2 represents each of the Y output 
candidate vectors and X. 

TABLE 2 

Y1 Y2 Y3 Y4 x‘ 

y‘ 0 O 1 1 x(n) 
y‘+1 O 1 O 1 x(n + 1) 

[0014] If C3(2) represents the minimum cost value poWer, 
then selector module 206 selects y(n)=1 because the ?rst bit 
in output candidate vector Y3 (the output candidate vector 
associated With C3(2)), equals 1. If C1(2) represents the 
minimum cost value poWer, then selector module 206 selects 
y(n)=0 because the ?rst bit in output candidate vector Y1 (the 
output candidate vector associated With C1(2)), equals 0. 

[0015] The second primary thread of look-ahead modula 
tor research involves pulse Width modulation (“PWM”) 
ampli?ers based on delta-sigma modulators combined With 
digital PWM modulation stages. The principal researchers 
have been Peter Craven and John L. Melanson. In US. Pat. 
No. 5,784,017 entitled “Analogue and Digital Converters 
Using Pulse Edge Modulations With Non-Linear Correc 
tion,” inventor Peter Craven (“Craven”), Which is incorpo 
rated herein by reference in its entirety, Craven described the 
use of look-ahead delta-sigma modulators. The purpose of 
Craven Was to ensure stability in alternating edge modula 
tion, an inherently dif?cult modulation mode to stabiliZe. In 
the PWM case, the delta-sigma modulator is operating at a 
loW oversampling ratio (typically 4-16), and quantiZation 
noise is a special problem. 

[0016] FIG. 3 depicts quantiZer 106 and noise shaping 
loop ?lter 202. The ?lter 202 can be considered as having a 
noise transfer function (“NTF”) and a separate signal trans 
fer function (“STF”), as described in commonly assigned 
US. patent application Ser. No. 10/900,877, ?led Jul. 28, 
2004, entitled “Signal Processing With Lookahead Modula 
tor Noise Quantization Minimization”, inventor John L. 
Melanson (referred to herein as the “Melanson I Patent”) 
and in chapter 4 of NorsWorthy et al, “Delta Sigma Data 
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Converters—Theory, Design, and Simulation”. 1997, ISBN 
0-7803-1045-4. The noise transfer function (“NTF”) equals 
1/[1+Z_1*H2(Z)]. Filter 202 is modeled to indicate the signal 
transfer function H1(Z), the feedback signal transfer function 
H2(Z), and quantiZation noise 302. The signal transfer func 
tion (“STF”) equals H1(Z)/[1+Z_1*H2(Z)]. In some imple 
mentations, H1 and H2 are identical. In the general case, H1 
and H2 differ. 

[0017] FIG. 4A depicts a delta sigma modulator 400A 
With a fourth order noise shaping loop ?lter 203, quantiZer 
404, and feedback loop With a unit delay 406, Which 
represents one embodiment of noise shaping ?lter 202. 
Constants k0, k1, k2, and k3 are chosen to set poles in the 
NTF of ?lter 300. G1 provides a Zero (0) in the NTF, Which 
is usually set near a high frequency end of the signal pass 
band. Filter 300 also includes a double Zero at 0 HZ. The STF 
has a pure pole response cascaded With a pure delay. 

[0018] FIG. 4B depicts a 3rd order in?nite impulse 
response ?lter 400B With delays Z_1, feedback coefficients 
C0, C1, and C2, and state variables sv0, sv1, and sv2. In 
in?nite impulse response (“IIR”) ?lters, one or more state 
variables are fed back during each time step to modify one 
or more of the next state variables. This feedback makes it 
dif?cult to calculate future values of the ?lter output for 
look-ahead applications. The look ahead operation is of 
special interest in the case of delta-sigma modulation, Where 
the feedback is quantiZed to a relatively small number of 
levels, and there are signi?cant advantages to observing 
more than one potential feedback value at any given time. 

[0019] One technique to implement an IIR ?lter adapted 
for look-ahead operations is depicted in IIR ?lter process 
400C in FIG. 4C, Which saves all of the state variables, 
advances the system clock to ?nd future values, and then 
restores the state of the state variables. Operation 420 copies 
state variables to temporary memory, advances states With 
desired feedback N times (N=2rn and m=lookahead depth) in 
operations 422, calculates state variables using desired out 
put candidate vector elements in operation 424, stores the 
state variables in operation 426, and advances state one time 
in operation 428. The 3rd order IIR ?lter 400B has a 
look-ahead depth of 4, the current output, and 2 future 
outputs. Another approach is to have multiple copies of the 
state variables, each representing the state variable for 
various states of advance or for various feedback possibili 
ties. These multiple state variables complicate the calcula 
tion and increase the siZe of the state variable memory, in 
some cases exponentially With the look-ahead depth. In all 
of these cases, the future values of the input are needed to 
calculate the future outputs. State variable memory opera 
tions 400D for ?lter 400B and the ZA—3 delay at the input is 
depicted in FIG. 4D. 

[0020] In a Trellis modulator, output candidate vectors Yi 
(also referred to as “patterns”), extending for a depth of M 
sample periods, are tried as candidates for the quantiZer 
output. The poWer out of the ?lter, signal Ci, is summed for 
each output candidate vector Yi, and the loWest poWer 
associated output candidate vector is chosen. The ?rst bit of 
the chosen output candidate vector Yi is chosen as the next 
output value y(n), and the iteration is repeated for the next 
input vector Xtn. 

[0021] Conventional look-ahead delta sigma modulators 
require a signi?cant amount of computation and state stor 
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age. For a look-ahead depth of 8 bits, in the simplest case 
256 copies of the delta sigma modulator are required. Most 
research has been directed to simplifying the computation by 
pruning the search so that only a moderate fraction of the 2M 
cases are calculated. Conventional technology has not pro 
posed a reasonable Way to ?nd the closest matching output 
signal sets for each time t directly given that Without pruning 
there are 2M possible reasonable combinations to search and 
the length of output signals Y[n] for a 1 minute signal is 
60*44100*64 (i.e., 60 seconds, 44.1 kHZ sampling fre 
quency, and 64:1 oversampling ratio). Trellis searches and 
tree searches pruning have all been proposed as solutions to 
reducing the computation. Angus suggests a pruning tech 
nique by organiZing look-ahead output candidates into a tree 
and considering only the branch containing a leaf node With 
a minimum accumulated error. Some pruning approaches 
keep the best N searches active at any given time and assume 
that all future good searches are the children, i.e. descendant 
branches and nodes, of current good searches. In some cases, 
this is not the case, and the best candidates for the current 
Will have already been eliminated from contention. 

SUMMARY OF THE INVENTION 

[0022] In one embodiment of the present invention, a 
method of processing input signal data using a look-ahead 
delta sigma modulator of depth N using natural and pruned 
pattern loop ?lter responses, Wherein N is greater than or 
equal to tWo, includes determining a set of pattern responses 
of a loop ?lter of the look-ahead delta sigma modulator for 
each output candidate vector by setting signal input data to 
the loop ?lter of the delta sigma modulator to at least 
approximately Zero and ?ltering a set of output candidate 
vectors. The method further includes determining a natural 
response of the loop ?lter of the look-ahead delta sigma 
modulator by setting feedback data to the loop ?lter to at 
least approximately Zero and ?ltering a set of input data 
signal samples. The method also includes pruning the set of 
pattern responses to determine a set of one or more pruned 
pattern responses and quantiZing each input signal data 
sample by applying predetermined decision criteria to deter 
mine a best match betWeen a member of the set of one or 
more pruned pattern responses and the natural response and 
selecting quantization output data from the output candidate 
vector associated With the pruned pattern response used to 
determine the best match. 

[0023] In another embodiment of the present invention, a 
signal processing system includes a look-ahead delta sigma 
modulator. The look-ahead delta sigma modulator includes 
a loop ?lter and a pattern response generator coupled to the 
loop ?lter to determine a set of pattern responses by the loop 
?lter obtained by setting signal input data to the loop ?lter 
to at least approximately Zero and ?ltering a set of output 
candidate vectors. The look-ahead delta sigma modulator 
also includes a natural response generator to determine a 
natural response of the loop ?lter by setting feedback data to 
the loop ?lter to at least approximately Zero and ?ltering a 
set of input data signal samples and a pruning generator to 
determine a set of one or more pruned pattern responses. The 
look-ahead delta sigma modulator also includes a quantiZer 
to receive output data from the loop ?lter and the set of 
pruned pattern responses, Wherein the quantiZer includes a 
function generator to quantiZe each input signal data sample 
by applying predetermined decision criteria to determine a 
best match betWeen a member of the set of one or more 
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pruned pattern responses and selecting output data from the 
output candidate vector associated With the pruned pattern 
response used to determine the best match. 

[0024] In another embodiment of the present invention, an 
apparatus for processing input signal data using a look 
ahead delta sigma modulator of depth N using natural and 
pattern loop ?lter responses, Wherein N is greater than or 
equal to tWo (2) includes means for determining a set of 
pattern responses of a loop ?lter of the look-ahead delta 
sigma modulator for each output candidate vector by setting 
signal input data to the loop ?lter of the delta sigma 
modulator to at least approximately Zero and ?ltering a set 
of output candidate vectors. The apparatus also includes 
means for determining a natural response of the loop ?lter of 
the look-ahead delta sigma modulator by setting feedback 
data to the loop ?lter to at least approximately Zero and 
?ltering a set of input data signal samples. The apparatus 
further includes means for pruning the set of pattern 
responses to determine a set of one or more pruned pattern 
responses and means for quantiZing each input signal data 
sample by applying predetermined decision criteria to deter 
mine a best match betWeen a member of the set of one or 

more pruned pattern responses and the natural response and 
selecting quantiZation output data from the output candidate 
vector associated With the pruned pattern response used to 
determine the best match. 

[0025] In another embodiment of the present invention, a 
method of processing an input signal using a look-ahead 
delta sigma modulator of depth N, Wherein N is greater than 
or equal to tWo, the method including pruning a set of 
candidate vectors by selecting a subset of the candidate 
vectors, Wherein the subset of candidate vectors minimiZe 
quantiZation error of the look-ahead delta sigma modulator 
at a future time t+n, t is the current time, and n22. The 
method further includes quantiZing the input signal using the 
subset of candidate vectors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] The present invention may be better understood, 
and its numerous objects, features and advantages made 
apparent to those skilled in the art by referencing the 
accompanying draWings. The use of the same reference 
number throughout the several ?gures designates a like or 
similar element. 

[0027] FIG. 1 (labeled prior art) depicts a signal process 
ing system having a look-ahead delta-sigma modulator. 

[0028] FIG. 2 (labeled prior art) depicts a schematic 
representation of a conventional look-ahead delta-sigma 
modulator. 

[0029] FIG. 3 (labeled prior art) depicts a quantiZer and 
noise shaping ?lter. 

[0030] FIG. 4A (labeled prior art) depicts a delta sigma 
modulator With a fourth order noise shaping loop ?lter. 

[0031] FIG. 4B (labeled prior art) depicts a third order 
in?nite impulse response (IIR) ?lter. 

[0032] FIG. 4C (labeled prior art) depicts a technique to 
implement an IIR ?lter adapted for look-ahead operations. 

[0033] FIG. 4D (labeled prior art) depicts state variable 
memory operations for the IIR ?lter of FIG. 4B. 
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[0034] FIG. 5 depicts a look-ahead delta sigma modulator 
that utilizes superposition concepts to separate the input 
signal natural response SNAT from a set of pruned pattern 
response vectors. 

[0035] FIG. 6 depicts the superposition of a loop ?lter 
response. 

[0036] 
[0037] FIGS. 8A and 8B depict natural response vector 
and pattern response vector element pruning graphs. 

[0038] FIGS. SC-SH depict pattern response vector ele 
ment pruning graphs. 

[0039] 
[0040] FIG. 10 depicts a signal processing system that 
includes a look-ahead modulator, an output device and 
process, and an output medium. 

[0041] FIG. 11 depicts post-processing operations in an 
embodiment of the signal processing system of FIG. 10. 

FIG. 7 depicts a pruning and quantization process. 

FIG. 9 depicts a computation reduction scheme. 

DETAILED DESCRIPTION 

[0042] The nomenclature used in the beloW description is 
the same as used in the Background section above unless 
indicated otherWise. 

[0043] The look-ahead delta sigma modulators of the 
signal processing systems described herein utilize pruning 
techniques to reduce the number of possible output candi 
date vectors used to determine quantization output values. 
The set of pruned output candidate vectors minimize quan 
tization error of the look-ahead delta sigma modulator at a 
future time t+n, t is the current time, and n22. The pruning 
techniques cause very little, if any, reduction in accuracy and 
can signi?cantly reduce the number of processing operations 
used to determine a quantization value. The look-ahead 
delta-sigma modulators of the signal processing systems 
described herein can also combine the pruning techniques 
With a reduction in the amount of processing by simplifying 
the computations used to generate quantizer output values. 

[0044] In one embodiment, the pruning techniques exploit 
application of superposition techniques to a loop ?lter 
response of the look-ahead delta sigma modulator. By super 
position, the complete loop ?lter response for each output 
candidate vector equals the difference betWeen a pattern 
response and a natural input signal response. The pattern 
response of the loop ?lter can be determined from the 
response to each output candidate vector With an input signal 
set to at least approximately zero “At least approxi 
mately zero” includes zero (0) and numbers small enough to 
adequately determine the response of the ?lter Within a 
desired accuracy. The pattern response of the loop ?lter can 
also be referred to as a forced response of the loop ?lter to 
each output candidate vector. The natural input signal 
response of the loop ?lter can be determined from the 
response to each input signal vector With feedback data set 
to at least approximately zero. The pattern response is 
independent of the input signal data and, therefore, can be 
determined once for each input signal vector X, where t is 
a time index and t is an element of the set {0, 1, . . . , T-l} 

for all operational time T. The natural input signal response 
is independent of the feedback data and, therefore, need only 
be determined once for each output data value. The number 
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of computations can be further reduced by eliminating 
duplicate computations When determining the cost values for 
each pattern, and eliminating pattern responses that lead to 
results that can not meet predetermined ‘best match’ criteria 
betWeen the natural and pattern responses. 

[0045] Look-ahead delta-sigma modulators reduce long 
term quantization error. For each time t, look-ahead delta 
sigma modulator 500 utilizes pruning techniques to reduce 
the number of possible output candidate vectors used to 
determine quantization output values. The set of pruned 
output candidate vectors minimize quantization error of the 
look-ahead delta sigma modulator at a future time t+n, t is 
the current time, and n22. In one embodiment, the looka 
head delta sigma modulator 500 generates quantization 
output values by determining the pattern response vector 
SPATk that most closely matches the natural response vector 
SNATt. 
[0046] The set of possible pattern response vectors can be 
pruned to form a subset of K candidate pattern response 
vectors SPATk, Where ke{0, 1, . . . , K} and K21. Each 
element of the natural response vector for each time t has a 
corresponding element in each pattern response vector. Each 
pattern response vector generally contains a unique set of 
element values. Some pattern response vectors include ele 
ment values that more closely correspond to corresponding 
element values of the natural response vector than other 
pattern response vectors. One or more elements of the 
natural response vector can be chosen as reference elements. 
If an element value of a pattern response vector proximally 
matches a value of the corresponding reference element of 
the natural response vector, the pattern response vector is 
utilized by a quantizer to determine a quantization output 
value. Aproximal match can be determined, for example, if 
the linear distance betWeen the natural response value ref 
erence and the corresponding value of the pattern response 
vector is Within a prescribed maximum proximal distance. If 
more than one natural response reference value is used to 
further prune the pattern response vectors, the distances 
betWeen each natural response vector reference value and 
the corresponding pattern response vector can be combined 
and compared to a prescribed aggregate maximal proximal 
distance. Alternatively, the distances can be separately con 
sidered. In another embodiment, more than one natural 
response reference value can be used to expand the number 
of output candidate vectors used to determine a quantization 
output value by retaining any pattern response vector that 
includes at least one proximal matching value(s) Within a 
prescribed distance. 

[0047] FIG. 5 depicts a look-ahead delta sigma modulator 
500 that utilizes superposition concepts to separate the input 
signal natural response SNATt from each proximally match 
ing pattern response vector SPATk, Where “k” is an integer 
index, Zékéi. In one embodiment, ie{0, 1, . . . , N-1}, and 
the set {0, 1, . . . , N-1} represents all N possible pattern 
response vectors. In another embodiment, the set of N 
possible pattern response vectors can be reduced to N‘ by, for 
example, eliminating pattern responses that lead to results 
that can not meet predetermined ‘best match’ criteria 
betWeen the natural and pattern responses. In the context of 
sets, the equals symbol “=” is used interchangeably With the 
traditional “element of” symbol “6”. “SPATk” is a vector 
representing the forced pattern response of loop ?lter 504 to 
the kth output candidate vector Yk, and SNATt is a vector 
















